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Materials that realize Kitaev spin models with bond-dependent anisotropic interactions have
long been searched for, as the resulting frustration effects are predicted to stabilize novel forms of
magnetic order or quantum spin liquids. Here we explore the magnetism of γ-Li2IrO3, which has the
topology of a 3D Kitaev lattice of inter-connected Ir honeycombs. Using resonant magnetic x-ray
diffraction we find a complex, yet highly-symmetric incommensurate magnetic structure with non-
coplanar and counter-rotating Ir moments. We propose a minimal Kitaev-Heisenberg Hamiltonian
that naturally accounts for all key features of the observed magnetic structure. Our results provide
strong evidence that γ-Li2IrO3 realizes a spin Hamiltonian with dominant Kitaev interactions.
PACS numbers: 75.25.-j, 75.10.Jm
Magnetic materials with bond-dependent anisotropic
interactions are candidates to display novel forms of mag-
netic order or quantum spin liquid states, as exemplified
by the Kitaev model on the honeycomb lattice [1]. Here
all spins interact via nearest-neighbor Ising exchanges,
but a different Ising axis (x, y, z) applies for the three
different bonds emerging out of each lattice site. This
leads to strong frustration effects that stabilize a novel
gapless quantum spin liquid state with exotic excitations
(Majorana fermions), which is exactly solvable in two
dimensions. It was theoretically proposed [2] that such
exotic Hamiltonians might be realized in magnetic mate-
rials containing edge-sharing cubic IrO6 octahedra. The
magnetic ground state of Ir4+ including the cubic crys-
tal field and spin-orbit coupling is a complex spin-orbital
doublet with Jeff = 1/2 [3], and super-exchange through
the two 90◦ Ir-O-Ir paths is expected to lead to a dom-
inant Ising interaction for the moment components nor-
mal to the Ir-O2-Ir plane [2]. For a three-fold coordinated
IrO6 octahedron this leads to perpendicular Ising axes for
the three nearest-neighbor bonds, as required for a Ki-
taev model. The 2D honeycomb-lattice α-Na2IrO3 [4–8]
and α-Li2IrO3 [9, 10] are being intensively explored as
candidate Kitaev materials, but as yet no clear evidence
for novel Kitaev physics has been observed.
Generalizations of the Kitaev model to 3D lattices are
also expected to have quantum spin liquid states [11–13].
The recently-synthesized structural polytypes “hyper-
honeycomb” β−Li2IrO3 [14] and “harmonic” honeycomb
γ−Li2IrO3 [15], which maintain the local three-fold coor-
dination of edge-sharing IrO6 octahedra, are prime candi-
dates to display 3D Kitaev physics. To test for signatures
of such physics we have performed resonant magnetic
x-ray diffraction (RMXD) measurements [16] on single
crystals of γ-Li2IrO3, scattering at the strong Ir L3 res-
onance [5]. We have determined the complete magnetic
structure for all 16 iridium sites in the unit cell, and
found an unexpectedly complex, yet highly symmetric
magnetic structure comprised of non-coplanar, counter-
rotating iridium magnetic moments located in zig-zag
chains. Remarkably, the magnetic structure exhibits no
net ferromagnetic or antiferromagnetic spin correlations,
and as such one can rule out a model Hamiltonian whose
primary ingredient is the nearest-neighbor Heisenberg in-
teraction. Instead, motivated by the work of Jackeli and
Khaliullin [17], and by arguments based on susceptibility
anisotropy [13, 15], we present a minimal spin Hamilto-
nian with dominant Kitaev interactions that naturally re-
produces all key features of the observed magnetic order,
in particular, we point out that counter rotating spirals
on the zig-zag chains are naturally generated by Kitaev
interactions. Our results therefore provide strong evi-
dence that dominant Kitaev couplings govern the mag-
netic interactions in γ-Li2IrO3.
The RMXD experiments were performed using the I16
beamline at Diamond (see [18] for details). Systematic
searches along high-symmetry directions in reciprocal
space revealed that at low temperatures new magnetic
Bragg peaks appeared at satellite positions of reciprocal
lattice points with an incommensurate propagation vec-
tor q = (0.57(1), 0, 0) [19]. The satellite peaks were found
to be as sharp as structural peaks in all three reciprocal
space directions, as illustrated for the (0, 0, 16)+q reflec-
tion in Fig. 1a); indicating coherent, 3D magnetic order-
ing. The peaks disappeared upon heating [Fig. 1(a), open
circles] and the temperature-dependence of the intensity
had a typical order parameter behavior [see Fig. 1(b)].
The absolute temperature values have been corrected for
beam-heating effects through a calibration against spe-
cific heat measurements on the same sample, shown in
Fig. 1(b) inset, which give TN = 39.5 K.
The magnetic origin of the satellite reflections was fur-
ther confirmed by analyzing the polarization of the scat-
tered beam. Fig. 1(c) shows that the peak at (0, 0, 16)+q
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2FIG. 1: (color online) Magnetic Bragg peak at (0, 0, 16)+q.
(a) Scans along orthogonal directions in reciprocal space
(filled/open symbols at base temperature/above TN). Dashed
lines are fits to a Gaussian shape. (b) Temperature-
dependence of the integrated magnetic peak intensity (solid
line is guide to the eye, temperature values are corrected for
beam heating effects, see text). Inset: specific heat data show-
ing an anomaly at the onset of magnetic order. (c) Scans
with a polarizer in the scattered beam: the magnetic signal
is present only in the σ-pi′ channel (filled circles) and disap-
pears in the σ-σ′ (open circles) dominated by charge scatter-
ing (intensity scaled by 1/10). (d) Energy scan through the
magnetic peak (blue squares) and a structural Bragg peak
(0, 0, 16) (dotted line, scaled by 1/104), as well as the fluores-
cence scan (solid line).
appeared only in the σ-pi′ channel (filled circles), and is
absent in the σ-σ′ channel (open circles), as expected
for resonant diffraction that is of pure magnetic origin
[16]. An energy scan performed whilst centered on the
magnetic peak [Fig. 1(d)] showed a large resonant en-
hancement of the scattered intensity, again as expected
for RMXD. The energy dependence is in stark contrast
to that characteristic of a nearby structural peak (dot-
ted line). Furthermore, the obtained resonance energy
is similar to values found in other iridates [5, 20] and
FIG. 2: (color online) (a) Scan along the (h, 0, 24) direction
observing structural peaks at h = 0, 4 (intensity scaled by
1/104 for clarity), a multiple-scattering signal centered at h =
2, and magnetic peaks at h = 0 + q, 2 ± q, 4 − q. Solid red
line is the calculated magnetic scattering intensity [21] for
the magnetic structure model depicted in Fig. 4. (b) (h0l)
reciprocal plane with filled circles, diamonds and red crosses
indicating positions of structural peaks, measured magnetic
peaks and the absence of peaks, respectively. Lattice points
are also labelled by the magnetic basis vectors that have finite
structure factor for magnetic peaks at satellite ±q positions.
agrees well with the edge of the measured fluorescence
signal from the sample (solid line in Fig. 1(d)).
In total over 30 magnetic Bragg peaks were observed,
and those measured in the (h0l)-plane are labelled in
Fig. 2b). A representative scan along the (h, 0, 24) direc-
tion is plotted in Fig. 2a), which shows strong structural
Bragg peaks centered at h = 0, 4, a multiple scattering
signal centered at h = 2, and four magnetic Bragg peaks
symmetrically displaced away from the above reflections.
The scan illustrates the highly symmetric nature of the
magnetic peak intensities and that q is distinctly differ-
ent from the commensurate wavevector ( 1200).
The magnetic iridium ions are located on two inequiva-
lent sublattices in the orthorhombic unit cell, referred to
as Ir and Ir′, respectively (light and dark balls in Fig. 4).
Each sublattice contains four sites in the primitive cell
labelled 1 to 4 and 1′ to 4′, respectively. For a propaga-
tion vector q = (q, 0, 0) symmetry analysis [22] gives four
types of magnetic basis vectors for each of the two sublat-
tices: ++++(F ), ++−−(C), +−−+(A) and +−+−(G)
where the ± signs denote a symmetry-imposed relation
between the magnetic Fourier components at the sites 1-
34 and 1′-4′. There are no symmetry constraints between
the basis vectors on the two sublattices.
Each of the four types of basis vectors has its own
selection rules for a non-zero structure factor, so their
presence can be directly confirmed from the observation
of magnetic reflections at certain positions, and in some
cases one can also identify the phase relation between the
two sublattices. For example, all magnetic peaks along
the (h, 0, 24) line in Fig. 2a) can be uniquely assigned
to scattering from F -type basis vectors. Satellites at
h = 0+ q and 4− q arise from components that are equal
in magnitude and in phase on the two sublattices, (F ,F )
in short-hand notation, whereas the satellites at h = 2±q
originate from scattering by components equal in magni-
tude, but with opposite sign on the two sublattices, i.e.
(F ,−F ) (see [18] for details). The overall selection rules
for magnetic scattering are illustrated in Fig. 2b). We
have ruled out the presence of both C and G basis vectors
as systematic searches (at 4 different azimuth angles) at
the satellite positions (0, 0, 23)+q and (2, 0, 23)−q (red
crosses) gave no sign of a magnetic signal. Furthermore,
the observation of an AG magnetic peak at (1, 1, 21)−q,
G being ruled out, confirms the presence of an A basis
vector (azimuth scan in Fig. 3(a)).
The polarization dependence of the RMXD intensity
allows a direct identification of the orientation of the
magnetic moments. For a σ-polarized incident beam only
the projection of the magnetic moments along the scat-
tered beam direction, kˆ′, contribute to the diffraction
intensity.[16] By rotating the sample around the scatter-
ing vector Q = k′ − k by the azimuth angle, Ψ, [see
diagram in Fig.3a) inset] the projection of the magnetic
moments onto kˆ′ changes, giving a clear signature of
the moment direction. We have measured the azimuth
dependence for three magnetic peaks close to the sam-
ple surface normal, such that the Ψ rotation is almost
around (001). The origin, Ψ = 0, is defined as when
the (010) direction is in the scattering plane and point-
ing away from the source. Fig. 3a) shows the azimuth
scan for a pure-A magnetic Bragg peak. The intensity
drops to zero at Ψ = 0 and 180◦ and has maxima at
±90◦, uniquely identifying that scattering comes from
magnetic moment components along x (here x, y, z are
along the orthorhombic a, b, c axes and scattering from
y- and z-moment components, blue and green lines, re-
spectively, have been calculated for comparison); hence
identifying basis vector components in the combination
(A,±A)x, where the two sublattices are assumed to have
equal magnitude moments. Similarly, the azimuth of the
pure-F peak in Fig. 3b) originates from y-components an-
tiparallel on the two sublattices, identifying the basis vec-
tor (F ,−F )y. Fig. 3c) shows the azimuthal dependence
for a mixed FA peak, which uniquely identifies it as com-
ing from basis vector components pi/2 out-of-phase in the
combination i(A,−A)x, (F ,F )z. We note that this com-
bination of relative phases between the x and z compo-
FIG. 3: (color online) Integrated intensity as a function of
azimuth for three magnetic Bragg peaks, a) pure-Ax, b) pure-
Fy and c) mixed-FzAx. Top diagram illustrates the scatter-
ing geometry. Data points (filled circles) are integrated peak
intensities from rocking curve scans corrected for absorption
and Lorentz factor. Thick (red) lines show fits that include all
contributions to the RMXD structure factor [16, 21] from the
magnetic structure model i(A,−A)x,−i(F ,−F )y, (F ,F )z,
depicted in Fig. 4. Blue/green curves in a,c) illustrate that
other phase combinations of basis vectors are ruled out.
nents on all the iridium sites is unique, where other com-
binations can be qualitatively ruled out (see blue/green
curves in the same figure). The observed phase combi-
nation describes counter-rotating moments between con-
secutive sites along c (curly arrows in Fig. 4), which form
counter-rotating zig-zag chains along a.
To determine the relative magnitudes of the magnetic
moment components we performed a simultaneous fit
to the magnetic scattering intensities in the three az-
imuth scans in Fig. 3 with four free parameters: the
magnitudes of the moment amplitudes Mx and My rel-
ative to Mz, an overall intensity scale factor for the
(1, 1, 21)−q and (2, 0, 24)−q peaks and a separate in-
4FIG. 4: (color online) Projection of the magnetic structure
on the (a, c) plane showing 3 unit cells along the horizontal
propagation direction a. Light and dark blue arrows show
the moments on the Ir and Ir′ sublattices, with sites 1 − 4
and 1′ − 4′, respectively. Curly arrows on the left side il-
lustrate counter-rotating magnetic order between consecutive
sites along c. In unit cell 2 light (−φ) and dark (+φ) shaded el-
liptical envelopes emphasize the confinement of the moments
to alternate planes obtained from the (ac) plane by a ro-
tation by ∓φ around c. In unit cell 3 color of bonds indi-
cates the anisotropy axis of the Kitaev exchanges in (1), with
η = x, y, z for blue/green/red bonds, where xˆ = (aˆ + cˆ)/
√
2,
yˆ = (aˆ− cˆ)/√2 and zˆ = bˆ).
tensity scale factor for the (0, 0, 16)+q peak (which was
measured on the same sample, but in a different exper-
iment). The fit is shown by red solid lines in Fig. 3a-
c), and gave values for the moment magnitude ratios
Mx : My : Mz = 0.65(4) : 0.58(1) : 1. We note that
this also quantitatively reproduces the observed ratio of
the magnetic peak intensities in Fig. 2a) (red line).
Imposing the constraint of near-constant magnitude
moment at every site requires the phase offset between
the x and y components to be pi or 0, giving the basis
vector combination i(A,−A)x, i(−1)m(F ,−F )y, (F ,F )z,
with m = 1 or 2. Both give similar structures and we plot
in Fig. 4 the case m = 1. The moments are confined to
rotate in one of two planes, obtained from the (ac) plane
by rotation around the c-axis by an angle ±φ, with φ =
tan−1MyMx = 42(2)
◦. The pattern is such that neighboring
iridium zig-zag chains have alternate orientations of the
spin rotation plane as indicated by the light and dark
shaded envelopes in Fig. 4. The m = 2 case simply gives
the opposite alternation of the rotation planes.
A key feature of the magnetic structure is the counter-
rotation of neighboring moments. On two such sites,
say 1 and 1′, the spins projected to the ac-plane are
S1,1′(r) = cˆ〈Sc〉 cos q · r ± aˆ〈Sa〉 sin q · r. We now ro-
tate from the crystallographic a, b, c-axes to the Kitaev
x, y, z-axes (see Fig. 4 caption) and consider the corre-
lation between the Sx spin components Sx1S
x
1′ across an
x-type bond, or Sy1S
y
1′ across a y-type bond. The net
averaged correlation is finite, 〈Sx1Sx1′〉x = 〈Sy1Sy1′〉y =
〈Sa〉〈Sc〉 12 sin piq2 . We see that along each x-type bond
the spins are aligned when they point along x, and anti-
aligned when they point along y, and similarly for y-
type bonds. Thus Kitaev interactions can stabilize the
counter-rotating moments with a propagation vector q
along a. We therefore construct the following Kitaev-
Heisenberg Hamiltonian as a minimal model
H =
∑
c−bonds
[
KcS
ηij
i S
ηij
j + JcSi · Sj + IccSciScj
]
+
∑
d−bonds
[
KdS
ηij
i S
ηij
j + JdSi · Sj
]
+
∑
2nd 〈〈ij〉〉
J2Si · Sj (1)
where interactions along the vertical (along c) bonds are
denoted by the subscript c and interactions along the zig-
zag (diagonal) bonds are denoted by the subscript d. Kc
and Kd are the Kitaev interactions along c-bonds (of type
ηij = z) and d-bonds (of type ηij = x or y), respectively.
To prevent (0, 0, qc) instabilities we have introduced an
Ising coupling Icc of the S
c spin components, and finally
a Heisenberg coupling J2 between second nearest neigh-
bors. We take the following values for the parameters
(in units of meV): Kc = −15,Kd = −12, Jc = 5, Jd =
2.5, Icc = −4.5, J2 = −0.9 [18], where the overall scale
was set such as to have the calculated ordering transi-
tion temperature agree with the experimental value.
The Hamiltonian was analyzed in Fourier space us-
ing the Luttinger-Tisza approximation [18]. This gave
the lowest-energy mode identical to the (Sa,Sc) copla-
nar projection of the magnetic structure in Fig. 4 with
〈Sc〉 > 〈Sa〉. To obtain fixed-length spins requires mixing
with another mode, and the lowest energy mode avail-
able at the same wavevector has collinear order of the
Sb components with a pattern such that the mixed mode
exactly reproduce the observed non-coplanar structure.
Furthermore, the Sb components are co-aligned along all
the c-axis bonds, and hence stabilized by the large FM
Kc Kitaev exchange. The mixing amplitude, related to
the tilt angle φ, is fixed for unit length spins, but changes
continuously with the Hamiltonian parameters. Decreas-
ing the strength of the Kitaev interactions prevents the
ground state from producing unit-length spins through
this mixing mechanism, and importantly, we find that the
non-coplanar tilt angle observed in γ-Li2IrO3 requires rel-
atively large Kitaev exchanges within the minimal model.
To summarize, through RMXD measurements on γ-
Li2IrO3 single crystals we have observed an incommen-
surate, non-coplanar magnetic structure with counter-
rotating moments. A Kitaev-Heisenberg Hamiltonian
can fully explain the observed complex magnetic struc-
ture, providing strong evidence that γ-Li2IrO3 is an ex-
perimental realization of 3D Kitaev physics in the solid
5state.
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SUPPLEMENTAL MATERIAL
Here we provide additional information on 1) the
crystal structure, 2) the magnetic structure, 3) mag-
netic structure factor calculations, 4) the sample and
experimental setup used in the resonant magnetic x-ray
diffraction (RMXD) experiments, 5) the RMXD inten-
sity from moment-rotating structures, 6) a description
of how Kitaev interactions stabilize counter-rotating
moments, and 7) details of the Luttinger-Tisza analysis
of the minimal model Hamiltonian.
S1. CRYSTAL STRUCTURE OF γ-Li2IrO3
γ-Li2IrO3 has an orthorhombic crystal structure
depicted in Fig. S1 with edge-sharing IrO6 octahedra
arranged in a three-dimensional network with a three-
fold local coordination. The iridium atoms (red balls)
form vertically-linked honeycomb rows (light and dark
shading) that run alternatingly along the a±b diagonals
upon moving along the c-axis. For reference the full
structural parameters from [15] are listed in Table
S1 (A.D.P. are atomic displacement parameters). To
simplify the notation for the discussion of the magnetic
structure we have labelled the two iridium sublattices as
Ir and Ir′.
S2. MAGNETIC STRUCTURE DESCRIBED IN
TERMS OF BASIS VECTORS
The magnetic ions are located on the two iridium sub-
lattices, Ir at 8k (0.25, 0.25, z), z = 0.0836(2) ≈ 1/12
and Ir′ at 8i (0.5, 0.5, z′), z′ = 0.1670(3) ≈ 1/6, each
with four sites in the primitive unit cell labelled 1 − 4
and 1′ − 4′ with coordinates listed explicitly in Table S3
and positions labelled in Fig. S2. For a magnetic struc-
ture with propagation vector q = (q, 0, 0) symmetry
analysis [22] gives four types of basis vectors + + ++
(F ), + + −− (C), + − −+ (A) and + − +− (G) for
each of the two iridium sublattices, which transform ac-
cording to the irreducible representations listed in Ta-
ble S2. The basis vectors encode symmetry-imposed re-
lations between the Fourier components of the magnetic
6FIG. S1: (color online) Crystal structure of γ-Li2IrO3. Two
neighbouring unit cells are shown: (left) full structure with
Li (white balls), O (black) and Ir (red) located inside IrO6
octahedra (shaded polyhedra), (right) 3D iridium lattice con-
nectivity: honeycomb rows alternating in orientation (light
and dark shading) are interconnected along c.
moments at the different sites, i.e. for basis vector A
on the Ir sublattice the Fourier components on sites 1-4
are related by M±q,1=−M±q,2=−M±q,3=M±q,4. As
described in the main text based on diffraction data
the basis vectors are found to occur in the combina-
tion i(A,−A)x, i(−1)m(F ,−F )y, (F ,F )z with moment
amplitudes Mx, My, Mz, and m = 1 or 2. In both cases
the magnetic structure corresponds to a mixture of two
irreducible representations Γ3 (Ax and Fz) and Γ4(Fy) in
Table S2. The magnetic moment at position r belonging
to a site index n = 1− 4, 1′ − 4′ is
Mn(r) = [xˆMxvx(n) + (−1)myˆMyvy(n)] sin q ·r
+ zˆMzvz(n) cos q ·r (2)
where xˆ, yˆ, zˆ are unit vectors along the orthorhombic a,
b, c axes, respectively. vx,y,z are combined (8-site) basis
vectors for the two sublattices expressed in shorthand
vector notation as vx = (A,−A), vy = (F ,−F ), vz =
(F ,F ) and with values listed explicitly for all sites in the
primitive cell in Table S3. The Fourier components of
TABLE S1: Structural parameters of γ-Li2IrO3 at 300 K [15].
Cell parameters
Space group: Cccm (#66, origin choice 1)
Z = 16
a, b, c(A˚): 5.9119(3) 8.4461(5) 17.8363(10)
α,β, γ(◦): 90 90 90
Volume (A˚3): 890.61(9)
Fractional atomic coordinates and isotropic A.D.P.’s
Atom Site x y z Uiso(A˚
2)
Ir 8k 0.25 0.25 0.0836(2) 0.0124(4)
Ir′ 8i 0.5 0.5 0.1670(3) 0.0206(6)
Li1 8j 0 0.5 0.3333 0.01
Li2 8k 0.75 0.25 0.25 0.01
Li3 8k 0.75 0.25 0.91667 0.01
Li4 4c 0.5 0.5 0.5 0.01
Li5 4d 0.5 0 0 0.01
O1 16m 0.77(1) 0.515(3) 0.087(4) 0.02(1)
O2 8g 0.72(2) 0.5 0.25 0.04(1)
O3 8l 0.00(1) 0.262(8) 0 0.006(9)
O4 16m 0.49(1) 0.262(6) 0.163(3) 0.006(9)
TABLE S2: Irreducible representations and basis vectors for
a magnetic structure with propagation vector q = (q, 0, 0).
Irreducible Basis vectors
representation
Γ1 Cx,Ay,Gz
Γ2 Fx,Gy,Az
Γ3 Ax,Cy,Fz
Γ4 Gx,Fy,Cz
the magnetic moments are
Mq,n = i
[
xˆ
Mx
2
vx(n) + (−1)myˆMy
2
vy(n)
]
+ zˆ
Mz
2
vz(n) (3)
with M−q,n = M∗q,n as the magnetic moment distri-
bution is real. Eqs. (2,3) describe all iridium sites,
including those related by the C-centering translation
( 12
1
20), where r is the actual position of the ion and n is
the site index at the equivalent position (1 − 4, 1′ − 4′)
in the primitive unit cell.
7FIG. S2: (color online) (a) Projection of the magnetic struc-
ture on the ac plane highlighting counter-rotation of moments
between the different sites (1-4,1′-4′) of the primitive cell.
Light/dark shading of the elliptical moment envelopes indi-
cate an alternating tilt of the plane of moments’ rotation away
from the (ac) plane. Right-hand labels (b)-(e) indicate where
slices through the magnetic structure are taken at different
heights in the unit cell and projected onto the (ab) plane to
illustrate the direction of the zig-zag chains. Note the al-
ternating tilt of the plane of rotation of the moments away
from the ac plane by ±φ between consecutive zig-zag chains
stacked along c.
TABLE S3: Fractional atomic coordinates of the iridium sites
in the primitive cell and corresponding magnetic basis vector
components in the determined magnetic structure.
Site Coordinates vx vy vz
1 (0.25, 0.25, z) + + +
2 (0.25, 0.75, 0.5− z) − + +
3 (0.25, 0.25, 1− z) − + +
4 (0.25, 0.75, 0.5 + z) + + +
1′ (0.5, 0.5, z′) − − +
2′ (0.5, 0.5, 0.5− z′) + − +
3′ (0.5, 0.5, 1− z′) + − +
4′ (0.5, 0.5, 0.5 + z′) − − +
S3. MAGNETIC STRUCTURE FACTORS
The structure factor for a magnetic Bragg reflection at
wavevector Q = (h, k, l)± q is
F(Q) = F((k, k, l)±q) =
∑
n
M±q,neiQ·rn (4)
where the sum extends over all 16 iridium sites in the
orthorhombic unit cell (1-4, 1′-4′ and their C-translated
positions) and M±q,n are the Fourier components of the
magnetic moments at site n with position in the unit cell
rn. Direct calculation of the structure factors shows that
the four types of basis vectors F , C, A and G produce fi-
nite intensity magnetic peaks only for satellites of certain
integer (h, k, l) reciprocal lattice positions and not oth-
ers. To make those selection rules transparent we have
calculated the structure factors analytically for an “ideal”
iridium lattice, which is very close to the one refined ex-
perimentally in Table S1, but with the Ir coordinate at
z = 1/12 and Ir′ at z′ = 1/6. In this case the structure
factors are obtained as:
FF (Q) = 8eiζ±M±q,1 cos pil
6
[
cos
pi(k + l)
2
+e±iαei
pi(h+l)
2 cos
pil
2
]
δh+k,2p (5)
FC(Q) = 8eiζ±M±q,1
[
sin
pil
6
sin
pi(k + l)
2
−ie±iαeipi(h+l)2 cos pil
6
sin
pil
2
]
δh+k,2p (6)
FA(Q) = 8ieiζ±M±q,1 sin pil
6
[
cos
pi(k + l)
2
−e±iαeipi(h+l)2 cos pil
2
]
δh+k,2p (7)
8FG(Q) = −8eiζ±M±q,1
[
i cos
pil
6
sin
pi(k + l)
2
+e±iαei
pi(h+l)
2 sin
pil
6
sin
pil
2
]
δh+k,2p (8)
where δ is the Kronecker symbol and p is an integer, i.e.
δh+k,2p =
{
1, h+ k even
0, h+ k odd
and this term arises in the structure factor due to the C-
centering. Here ζ± = pi(h/2± q/2 + k + l/3) and the 1st
and 2nd terms in the square brackets come from the Ir
and Ir′ sublattices, respectively, where we have assumed
that their magnetic Fourier components are the same up
to a complex phase offset α, i.e. Mq,1′ = e
iαMq,1. In
the determined magnetic structure the phase offset for
the Ax and Fy basis vectors is α = pi, whereas for the Fz
basis vector it is α = 0.
From the above equations it is clear that in the
(h0l) plane, for l = 6n (n integer) only F -basis vectors
contribute as the structure factor for all the other basis
vectors cancels (FC = FA = FG = 0). In this case
further inspection of the structure factors shows that
satellites can be separated into those corresponding to
α = 0 and those with α = pi, for example the magnetic
satellites at (0, 0, 24) ± q come from an (F ,F ) basis
vector (α = 0) and peaks at (2, 0, 24) ± q come from
an (F ,−F ) basis vector (α = pi). For the (h, 0, l) plane
depicted in Fig. 2b) magnetic satellite peaks occur only
for h even with the further selection rule l odd for both C
and G, and l even for both F , A with pure F (no A con-
tribution) for l = 6n, n integer. Satellites of (odd, odd,
l = 3 + 6n), n integer such as (1,1,21) are of A, G type
(no F or C contribution) and this is used to prove the ex-
istence of an A-basis vector in the magnetic ground state.
S4. RESONANT MAGNETIC X-RAY
DIFFRACTION EXPERIMENTS
The sample used in the x-ray experiments was a single
crystal of γ-Li2IrO3 with a typical rhombic morphology
[15] of volume ∼ 35×103µm3. The sample quality was
checked using a Mo-source SuperNova x-ray diffractome-
ter confirming the previously deduced crystal structure
(orthorhombic space group Cccm with lattice parame-
ters a = 5.9119 A˚, b = 8.4461 A˚, c = 17.8363 A˚ at
room temperature). Specific heat measurements on this
crystal using an in-house ac micro-calorimeter observed
a clear anomaly near TN = 39.5 K [see Fig. 1b) inset], in
good agreement with the transition temperature to mag-
netic order inferred from earlier magnetic susceptibility
and torque measurements [15].
Resonant x-ray diffraction at the Ir L3 edge (11.215
keV) was performed using the I16 beamline at Diamond
in reflection geometry with the crystal mounted with the
(001) axis surface normal. The σ-polarized incident beam
was de-focused to an area 200× 200µm2, to ensure illu-
mination of the entire sample. For the polarization anal-
ysis measurements a Au (3, 3, 3) crystal was placed in the
scattered beam and intensities were counted in an APD
detector, for the rest of the measurements an area detec-
tor (Pilatus) was used. The sample was cooled using a
closed-cycle refrigerator (CCR) with Be windows with a
base temperature of 9 K.
S5. INTENSITY IN RESONANT MAGNETIC
X-RAY DIFFRACTION
In the dipolar approximation the magnetic resonant
x-ray scattering intensity is proportional to
L(θ)A
∣∣∣(ˆ′ × ˆ) ·F(Q)∣∣∣2
where L(θ) is the Lorentz factor at the scattering angle
2θ, A is an absorption correction dependent upon the
experimental geometry, F(Q) is the magnetic structure
factor given in eq. (4), and ˆ′ and ˆ are unit vectors
along the polarization of the electric field component of
the scattered and incident x-ray beams, respectively [16].
For a σ-polarized incident beam magnetic resonant scat-
tering occurs only in the σ-pi′ channel [see diagram in
Fig. 3a) inset], meaning that the product of the electric
field polarization vectors is along the scattered beam di-
rection, i.e. ˆ′ × ˆ = kˆ′.
FIG. S3: (color online) Schematic of the x-ray scattering ex-
periment probing the magnetic scattering at Q = (0, 0, l)± q
showing the orientation of the orthorhombic crystal axes at a
general azimuth angle Ψ (inset shows projection in the plane
normal to Q indicating the azimuth angle origin). In the
main diagram ξ is the angle between Q and the c-axis, i.e.
ξ = cos−1(Qˆ · cˆ).
The orientation of the magnetic moments can be ex-
perimentally determined by exploiting the polarization
dependence of the scattering intensity as only the com-
ponent of the structure factor vector along the scattered
beam direction, F‖ = F · kˆ′, contributes. By keeping
9the instrument in the scattering condition and rotating
the sample around the scattering wavevector Q = k′−k
the projection F‖ of the structure factor vector varies
depending on the azimuth angle Ψ with maximum inten-
sity when the moments that give rise to the scattering
make the smallest angle with kˆ′ and zero intensity when
they are perpendicular. This is illustrated by the calcu-
lated azimuth dependence of the intensity for moments
along x, y and z for an A-type basis vector in Fig. 3a)
(red, blue, green curves), and the data uniquely identifies
that scattering comes from a basis vector with collinear
magnetic moments along x.
For magnetic Bragg reflections where moments along
two orthogonal directions contribute, such as (0, 0, 16) +
q in Fig. 3c) of mixed Ax, Fz character, the scattering
intensity has a cross term that is sensitive to the complex
phase between the structure factor vectors along the two
directions, so it can distinguish between moments varying
sinusoidally along a line in the xz plane (phase offset 0
or pi) or rotating in the xz plane (phase offset ±pi/2).
Explicitly, the parallel component of the structure factor
when both x and z moments contribute is
F‖(Ψ) = Fz(cos ξ sin θ − sin ξ cos θ sin Ψ)
+Fx(sin ξ sin θ + cos ξ cos θ sin Ψ)
where Fx,z are the separate structure factors for the mag-
netic moment components along the x, z-axes and the an-
gles 2θ and ξ are defined in the scattering diagram in Fig.
S3. From this the azimuth dependence of the magnetic
scattering intensity is obtained as
|F‖(Ψ)|2 = |Fz|2(cos ξ sin θ − sin ξ cos θ sin Ψ)2
+|Fx|2(sin ξ sin θ + cos ξ cos θ sin Ψ)2
+Re(FzF∗x)
[
sin 2ξ
(
sin2 θ − cos2 θ sin2 Ψ)
+ sin 2θ cos 2ξ sin Ψ] (9)
where Re() means the real part. The first two terms
give the sum of the scattering intensities separately
from moments along the two directions, whereas the
last term is the cross term. For the specific case of
Q = (0, 0, l=16) + q, the cross term pre-factor is
Re(FzF∗x) ∝
{
∓ cos pil6 sin pil6 , ±i(A,−A)x, (F ,F )z
0, ±(A,−A)x, (F ,F )z
where Fx and Fz are of the form F(A,−A) and F(F ,F ), re-
spectively, from eqs. (5,7). There is no cross-term if mo-
ments are in-phase or pi out-of-phase and a finite cross-
term if moments are ±pi/2 out-of-phase. The azimuth
data in Fig. 3c) clearly shows a large asymmetry around
Ψ = 0, which is quantitatively explained (red line) by
the basis vector combination i(A,−A)x, (F ,F )z with mo-
ments rotating in the xz plane and rules out in-phase or
pi out-of-phase moments along the x and z axes (blue
line).
S6. MAGNETIC STRUCTURE WITH
COUNTER-ROTATING MOMENTS STABILIZED
BY KITAEV INTERACTIONS
In this section we give details of the derivation of the
net spin correlation between nearest-neighbor sites along
the d-bonds 〈SηnSηn′〉η = 〈Sa〉〈Sc〉 12 sin piq2 with η = x
or y. First we recall the transformation from the crys-
tallographic axes aˆ, bˆ, cˆ to the Kitaev axes defined as
xˆ = (aˆ+ cˆ)/
√
2, yˆ = (aˆ− cˆ)/√2 and zˆ = bˆ, see Fig. 4.
The a-component of the displacement between adja-
cent sites of type 1 and 1′ in a zig-zag chain is (r1−r1′)·
aˆ = ±a/4, where the upper (lower) sign is to be taken if
the two sites are connected by a Kitaev bond of type x
(y). More generally, for neighboring sites of type n and
n′ the displacement projection is (rn−rn′) · aˆ = ±νna/4,
where νn = +1 for n = 1, 4 and νn = −1 for n = 2, 3.
In this notation, we obtain from (2) that sites in the
rotating magnetic structure carry the spin moment
Sn,n′(r) = ±
[
νnaˆ〈Sa〉+ (−1)mbˆ〈Sb〉
]
sin q · r +
cˆ〈Sc〉 cos q · r (10)
where the ± sign in front of the square bracket corre-
sponds to unprimed/primed sites and the case m = 1 is
depicted in Fig. S2. The product of this ± sign in front
of the square brackets and the νn sign factor gives a sign
which alternates between + and − when sites are listed
by their c-coordinate, i.e. the vertical axis in Fig. 4, pro-
ducing the counter-rotation of the spin moments in the
ac plane.
It is immediately evident that along Kitaev z-type
bonds (linking sites of type 1′2′, 3′4′, 13 and 24,
see Fig. S2a)) the Sz=Sb spin components are always
ferromagnetically-correlated, enabling energetic stabi-
lization through the strong FM Kitaev interaction on
these bonds, Kc < 0. The more subtle correlations, as
discussed in the main text, are those of the Sx(Sy) spin
components across x-type (y-type) Kitaev bonds. The
counter-rotation of neighboring moments within the unit
cell enables these subtle Kitaev correlations, as follows
〈SηnSηn′〉r: η−bond /〈Sa〉/〈Sc〉 =〈
cos
(
q ·r ± νn q ·a− pi
4
)
cos
(
q ·r ± νnpi
4
)〉
r
=
1
2
cos
(
q ·a− 2pi
4
)
=
1
2
sin
(q ·a
4
)
(11)
with η = x or y and 〈. . .〉r indicates the average over all
positions r of sites of type n in the crystal. Note that
defining the rotating magnetic structure within the prim-
itive unit cell (containing 8 sites) is sufficient to uniquely
specify the spin moments on all sites in the crystallo-
graphic a, b, c unit cell, which contains 16 iridium sites;
here q · a ranges from −2pi to 2pi. Within our conven-
tion of the spin components within the unit cell, positive
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values of q (i.e. 0 < q ·a < 2pi) correspond to positive Ki-
taev correlations, which may be stabilized by FM Kitaev
interactions (Kd < 0).
S7. LUTTINGER-TISZA ANALYSIS OF THE
MINIMAL MODEL HAMILTONIAN
We diagonalize the spin Hamiltonian in momentum
space without the unit length constraint. The energies
and modes are found as the eigenstates of the 24 × 24
matrix, corresponding to three spin components for each
site in the primitive unit cell. Then solutions obeying
the unit length constraint are constructed from the low-
est eigenmode, possibly with higher energy modes mixed
in.
The lowest eigenvalue of the Hamiltonian in eqn. (1)
with parameters as given in the main text occurs at a
wavevector numerically indistinguishable from (4/7, 0, 0)
(in r.l.u’s of the orthorhombic unit cell a × b × c). This
minimal energy eigenmode, with energy −13.6 meV, has
the ordered spin moment S ∝ cˆ ± i0.85νnaˆ, with the
upper (lower) sign for the unprimed (primed) sites, and
hence does not quite obey the constraint of normalized
spins. However it does exactly describe the coplanar pro-
jection of the experimental magnetic structure onto the
ac plane. The next three eigenmodes again involve only
Sa,Sc spin components, and cannot mix with the low-
est mode. The fifth eigenmode at this wavevector, with
energy −10.5 meV, has spins purely along bˆ, with an
order pattern of ± signs for unprimed/primed sites, ex-
actly capturing the pattern of the non-coplanar tilts in
the experimentally-determined structure. So mixing be-
tween this eigenmode and the lowest energy eigenmode
to ensure the constraint of fixed-length spins can match
all features of the experimentally-determined magnetic
structure. For completeness we note that changing the
sign of the mixing coefficient corresponds to changing be-
tween the cases m = 1 and 2 in eq. (10), with the two
structures being degenerate in energy.
In summary, through extensive searches in parameter
space for candidate spin Hamiltonians we have found that
all couplings in eqn. (1) are required to stabilize the ob-
served magnetic structure as the lowest-energy structure
with fixed-length spin moments. The phase obtained is
stable within a range of values for the Hamiltonian pa-
rameters and the quoted values in the text are a repre-
sentative solution, where the overall scale is set by the
constraint that the calculated transition temperature to
magnetic order matches the experimental value.
